Various electronic and optical properties of Zn 1− Ca O ternary alloys of wurtzite structure are calculated using a first-principles approach based on the framework of the generalized gradient approximation to density-functional theory. In particular, on-site Coulomb interactions are introduced, which can reasonably well predict the electronic properties and band gaps of the Zn 1− Ca O (0≤x≤0.25) system. The imaginary part of the calculated dielectric function indicates that the optical transition between O 2p states in the valence band and Zn 4s states in the conduction band shifts to the high-energy range as the Ca concentration increases. The calculated band gap shows a significant increase with increasing Ca concentration. Therefore, Zn 1− Ca O ternary alloys may be a potential candidate alloy for optoelectronic materials, and especially for light-emitters and detectors. 
Introduction
Zinc oxide (ZnO) belongs to the II-V semiconducting compounds; it has a wide band gap of 3.37 eV and an exciton binding energy of 60 meV. ZnO-based semiconductors are recognized as very promising photonic materials in the ultraviolet and visible regions [1] [2] [3] [4] . Doped ZnO has become a new trend in research and in technological applications, as its electronic and optical properties can be greatly improved. For example, In, Ga, and Al doped ZnO improves electric and optical properties for transparent high-power electronic devices [5] [6] [7] . Several theoretical studies have shown that Cd-doped ZnO achieves redshifts at the onset of optical absorption spectra [8] [9] [10] . Some other elements (like Cr, Ag, and P) were doped to increase the absorption in the visible-light region [11] or to change the semiconducting character [12, 13] . It has been shown experimentally [14] and theoretically [10, 15] that doping of the element Ca in ZnO is able to blue shift the band gap. However, band-gap modulation and related optical properties are not completely understood yet, and the details of the optical transitions in Zn 1− Ca O alloys remain unclear. Accurate knowledge of the dielectric function and absorption coefficient of semiconductors is indispensable for the design and analysis of various optical and optoelectronic devices. Additionally, in most theoretical studies, the calculated band-gap energies were much smaller than the experimental ones (3.37 eV). Therefore, it is necessary to present a modified model to predict more precisely the electronic property and the band gap of ZnO. Such a model can then be employed to investigate and predict the doping effects of Ca on the electronic structure and the band gap.
In the present work, we propose a first-principles theoretical approach based on the generalized gradient approximation. Our approach introduces the on-site Coulombinteraction parameter U (GGA+U) method, which is implemented in the Cambridge serial total-energy package (CASTEP) code. The theoretical model and the computational methodologies for this GGA +U method are described, and the electronic structure, the band gap, and the optical properties of the Zn 1− Ca O alloys are calculated and compared with the corresponding experimental results.
Computational methodology
Our calculations are performed with the CASTEP code [16, 17] , which is based on density-functional theory (DFT) using the ultrasoft-pseudopotentials method. Exchange and correlation effects are described by the Perdew-Burke-Ernzerhof (PBE) scheme in the generalized gradient approximation (GGA) [18] . Integrations in the Brillouin zone (BZ) are performed using k-point sampling on a 4×4×2 mesh parameter grid. We use an energy cutoff of 480 eV for the plane-wave basis-set expansion. Tests as a function of the plane-wave cutoff and k-point sampling show that our results for configurations are numerically convergent to within 0.1 eV. For valence electrons, the outermost s and d electrons of Zn and the s and p electrons of the O and Ca atoms are employed in the model. We have used the structures of wurtzite Zn 1− Ca O alloys with 2×2×3 48-atom and 2×2×2 32-atom configurations, as shown in Fig. 1 . The convergence in energy, maximum force, maximum stress, and maximum displacement tolerances are set as 2 0 × 10
eV/atom, 0.05 eV/, 0.1 GPa, and 0.002 , respectively.
It is well known that the DFT-GGA underestimates band gaps of semiconductors and insulators. The underestimation can be improved by introducing the on-site Coulomb interaction parameter U into the GGA (GGA+U) [19] [20] [21] [22] . This yields a fairly good improvement of the GGA description of the ZnO system [22] by lowering the energy of the d-band states and weakening the anion-cation p-d coupling. Accordingly, the optical properties of the wurtzite structure Zn 1− Ca O are calculated by using the GGA+U method, which will be described and discussed in the following section.
Results and discussion

Structural properties of Zn 1− Ca O alloys
The wurtzite structures of Ca-doped ZnO are optimized in the 2×2×3 48-atom configuration, including different possible dopings of Ca at the Zn site (Ca Z ), at the O site (Ca O ), and at the interstitial site (Ca ), respectively. The calculated crystal parameters and defect formation energies are given in Table 1 . The lattice parameters and bond lengths of Ca-doped ZnO become longer than those of the undoped ZnO. The formation energies E (defect) are calculated for substitutions at the zinc site, at the oxygen site, and the interstitial site in the neutral-charge state. The defect-formation energy is expressed as [23] 
where the first two terms on the right-hand side are the total energy of the supercell with and without the defect in the neutral charge state, respectively; n is the number of the corresponding species of atoms added (-) or removed (+), and µ is the chemical potential of (0.74 ). It is seen that the variation of the lattice constant with the doping concentration slightly deviates from Vegard's law, which is consistent with previously reported results for the wurtzite structure [10] and the rock-salt structure [15] [10] . However, the crystal lattice and phase separation are strongly dependent on the preparation method when the concentration of Ca is more than about 15%: the lattice constant for the same concentration x varies depending on the configuration, which implies that the crystal lattice may be influenced by fabrication conditions, which in turn may influence the electronic properties. 
Electronic structure and optical properties of Zn 1− Ca O alloys
The band structures of Zn 1− Ca O alloys are calculated by connecting the high-symmetry points in the BZ. For Zn 1− Ca O alloys, the variation of the band gap as a function of the Ca concentration is shown in Fig. 3 . Zn 1− Ca O alloys are direct band-gap semiconductors for all stable wurtzite structures and the calculated band gap shows a significant increase with increasing Ca concentration. The trend of the calculated results shows good agreement with experimental values for the band gaps of nanocrystalline Zn 1− Ca O films deposited by the sol-gel method [14] , although the experimental values are slightly higher than the theoretical predictions. It is noticed that the band gap of rock-salt CaO is much larger than that of wurtzite ZnO, so a small proportion of Ca-doping can rapidly increase the band gap of ZnO. When the concentration of Ca is more than 18.75 at%, the calculated optical band gap varies strongly even for the same con- The optical properties of Ca-doped ZnO systems can be analyzed on the basis of the dielectric function and the absorption coefficient, which correspond to the two typical cases of light polarized parallel (E || ) and perpendicular (E ⊥ ) to the c axis of the Zn 1− Ca O system, respectively. For an accurate knowledge of the optical transition of the wurtzite Zn 1− Ca O (0≤x≤0.25) alloys, it is necessary to investigate the imaginary part of the dielectric function ε 2 (ω). Because ε 2 (ω) of semiconductors is indispensable for the design and analysis of various optical and optoelectronic devices, ε 2 (ω) can be regarded as detailing the real transitions between the occupied and unoccupied electronic states. Since the dielectric function shows a causal response, the real part ε 1 (ω) of the dielectric function can be obtained from the imaginary part with the Kramers-Kroning relations. Then, other optical properties, such as the absorption coefficient α(ω), the reflectivity R(ω), the refractivity index (ω), the extinction coefficient (ω), and energy loss L(ω), can be obtained from ε 1 (ω) and ε 2 (ω) [13] :
The imaginary part of the dielectric function ε 2 (ω) with the polarization vectors perpendicular to the c axis (E ⊥ ) is shown in Fig. 5 , plotted for five different concentrations of Zn 1− Ca O alloys. The dielectric function of ZnO has ternary major peaks located at 5.13 eV, 8.62 eV, and 12.96 eV, respectively. The first peak at 5.13 eV originates from the electronic transition between the O 2p states in the upper valence band and the Zn 4s states in the lowest conduction band. The peaks at 8.62 eV are attributed to the transition between the Zn 3d and O 2p states. The peak at 12.96 eV may be attributed to the transition between the O 2s and Zn 3d states. The complex dielectric functions for ZnO have been determined by reflectivity measurements in the photon-energy range between 0 and 24 eV at room temperature. A number of experimental optical dielectric functions ε 2 (ω) for ZnO were given in reference [25] , which displayed maxima at 5.0 eV, 7.3 eV, 8.4 eV and in the region 11-13 eV. So the values calculated above agree well with the experimental maxima of ε 2 (ω). The ε 2 (ω) function of Zn 1− Ca O alloys are affected by the incorporation of Ca. As the Ca concentration increases, the optical-transition spectrum shifts towards the high-energy direction, indicating an increase in the direct band gap with Ca doping. Meanwhile, an optical transition at 25.1-25.5 eV emerges and increases gradually with increasing Ca concentration, which can be ascribed to the enhancement of the Ca 3d states. The peak may be due to the transition between O 2s in the valence band and Ca 3d states in the conduction band. Fig. 6 gives the optical absorption spectra of Zn 1− Ca O alloys for the polarization vectors perpendicular to the c axis (E ⊥ ) without the usual scissor-operation correction in the wavelength range from 250 nm to 500 nm. The absorption edge of Zn 1− Ca O (0≤x≤0.25) alloys evidently shifts to the high-energy range with increasing Ca-doping concentration compared to that of pure ZnO, and the main absorption part is still located in the UV region. Moreover, the absorption spectra of Ca-doped ZnO systems decrease slightly, as shown in Fig. 6 , which is mainly ascribed to the reduction of Zn 3d states. 
Conclusions
In this work, we have investigated theoretically the optical and electronic properties of possible structures of wurtzite Zn 1− Ca O (0≤x≤0.25) alloys based on the GGA+U method. By using a combined GGA+U description of the electron states in Zn 1− Ca O (0≤x≤0.25) alloys, it is possible to achieve a reasonable description of the structural, electronic, and optical properties, and an agreement between the calculated and the experimental band gaps can be achieved. By comparing the bond lengths and formation energies of three different Ca doping sites, it is found that Ca at the Zn site Ca Z is the most favored doping site. The lattice constant of Zn 1− Ca O alloys in wurtzite structure increases with increasing Ca concentration, the variation slightly deviates from Vegard's law, and the wurtzite structure Zn 1− Ca O alloys are stable at concentrations x≤0. 25 . The calculated band gap of wurtzite structure Zn 1− Ca O alloys shows a significant increase with increasing Ca concentration. The imaginary part of the dielectric function indicates that the optical transition between O 2p states in the highest valence band and Zn 4s states in the lowest conduction band is shifted to the high-energy range as the Ca concentrations increase. So, the theoretical results show that doping of Ca is an effective way to blue shift the band gap or PL spectrum of ZnO films for practical application.
